Abstract Cajal bodies (CB) are subnuclear domains that contain various proteins with diverse functions including the CB marker protein coilin. In this study, we investigate the proteolytic activity of calpain on coilin. Here, we report a 28-kDa cleaved coilin fragment detected by two coilin antibodies that is cell cycle regulated, with levels that are consistently reduced during mitosis. We further show that an in vitro calpain assay with full-length or C-terminal coilin recombinant protein releases the same size cleaved fragment. Furthermore, addition of exogenous RNA to purified coilin induces proteolysis by calpain. We also report that the relative levels of this cleaved coilin fragment are susceptible to changes induced by various cell stressors, and that coilin localization is affected by inhibition or knockdown of calpain both under normal and stressed conditions. Collectively, our data suggest that coilin is subjected to regulated specific proteolysis by calpain, and this processing may play a role in the regulation of coilin activity and CB formation.
Introduction
Cajal bodies (CBs) are subnuclear domains that are best characterized for their role in small nuclear ribonucleoprotein (snRNP) biogenesis but also contain factors necessary for small nucleolar RNP maturation, histone pre-mRNA processing, and telomerase assembly (Spector et al. 1992; Gall 2000; Morris 2008; Matera et al. 2009; Carmo-Fonseca 2002; Hebert 2010) . Of note, CBs contain guide RNAs (small Cajal body-specific RNAs) that direct proper modification of the snRNA components of certain spliceosomal snRNPs (Darzacq et al. 2002; Jady et al. 2003) . The marker protein for CBs is considered to be coilin, which is a phosphoprotein (Carmo-Fonseca et al. 1993 ) that also localizes to the nucleoplasm. Coilin phosphorylation increases during mitosis (Carmo-Fonseca et al. 1993) , and this increased phosphorylation is correlated with altered protein interactions, reduced self-association, and CB disassembly (Toyota et al. 2010 ) (Carmo-Fonseca et al. 1993; Hearst et al. 2009; Hebert and Matera 2000) . Mutation of coilin phosphorylation sites (known or predicted) has also been demonstrated to impact cellular proliferation and CB formation as well as coilin localization and stability (Lyon et al. 1997; Hebert and Matera 2000; Hearst et al. 2009; Gilder et al. 2011) . Recently, bacterially expressed coilin has been shown to have RNase and DNA binding activity and be tightly associated with both RNA and DNA (Broome and Hebert 2012) .
Another protein that can be found in the CB is survival of motor neuron (SMN). Mutations in SMN lead to the disease spinal muscular atrophy, which is the leading genetic cause of infant mortality. SMN is also found in the cytoplasm, and while this cytoplasmic fraction is phosphorylated, nuclear SMN is relatively dephosphorylated (Grimmler et al. 2005; Petri et al. 2007) . A major function of SMN is the ordered assembly of core Sm proteins onto the snRNA of spliceosomal snRNPs during the cytoplasmic phase of snRNP biogenesis. SMN has been shown to be a target of calpains, proteases that regulate substrate activity by conducting limited cleavage of their targets (Walker et al. 2008; Fuentes et al. 2010) . Cleavage of SMN by calpain occurs in the cytoplasm (Fuentes et al. 2010) , hinting at the possibility that aspects of the snRNP biogenesis role of cytoplasmic SMN could be impacted by this event and the resultant cleavage products.
In contrast to the abundance of data clarifying the role of SMN, the function of coilin is less well understood but shown to be necessary for the proper formation and composition of CBs. In some cell lines and organisms (mouse and zebrafish), but not in a Drosophila model, coilin reduction or knockout decreases cellular proliferation and viability (Strzelecka et al. 2010; Liu et al. 2009; Tucker et al. 2001; Walker et al. 2009; Lemm et al. 2006; Whittom et al. 2008) . Although coilin and its interaction with other factors in the CB may be important for the formation of this nuclear structure, other studies have shown that additional components, as well as certain types of RNA, can nucleate a CB or impact its formation (Hebert 2010; Tuma and Roth 1999; Kaiser et al. 2008; Shevtsov and Dundr 2011; Mahmoudi et al. 2010) . Hence, while coilin plays a crucial role in the formation and composition of CBs, it is not the only factor needed to seed and grow a CB (Shevtsov and Dundr 2011) .
In order to fully understand CB formation and function, it is crucial that all inhabitants of this nuclear structure are identified and modifications of these molecules fully characterized. Part of this process will require a thorough examination of the functional consequence of phosphorylation in the CB (Hebert 2010) . Another aspect of this characterization is the elucidation of regulated specific proteolysis events, in contrast to proteolysis associated with total protein degradation, of a given CB protein. In 1993, Chan and colleagues described the generation of a rabbit polyclonal antibody (R288) against coilin (Andrade et al. 1993) . The authors noted that this antibody, as well as some human anticoilin serum, detected lower molecular weight fragments in addition to full-length coilin and stated "the identity of these lower molecular mass reactivities may be interesting and need to be determined." It was suggested by these same authors that these lower molecular mass bands detected by R288 and other antibodies were degradation products or processed fragments of coilin. We have also observed these lower molecular weight fragments detected by coilin antibodies, and in this work describe the origin and regulation of the most prominent of these reactivities. Our findings demonstrate the existence of a "cleaved" fragment of coilin, most likely first identified in 1993 (Andrade et al. 1993) , whose levels change during mitosis and during cell stress. In vitro studies demonstrate that calpain-1 processing of coilin can generate the cleaved fragment observed in cell lysate. We further show that the calpain inhibitor N-acetyl-LeuLeu-Norleu-al (ALLN) induces CB formation in primary and transformed cell lines and demonstrate that bound RNA on coilin increases the in vitro processing of coilin by calpain. We also observe that depletion of calpain levels attenuate coilin nucleolar localization. Given coilin's central role in the formation and composition of CBs, the results presented here indicate that targeted processing of coilin is another variable to be considered in the context of CB assembly and activity. Additionally, or alternatively, the cleavage of coilin by calpain and the generated product may impact the function of nucleoplasmic coilin, which is presently not known.
Materials and methods
Cell culture, DNA constructs, and transfections Human cervical carcinoma (HeLa) and normal human fetal lung fibroblast (WI38) cells were obtained from the American Type Culture Collection (Manassas, VA). Human osteosarcoma cells (U2OS), from the American Type Culture Collection (Manassas, VA), were a gift from Dr. Luis Martinez (The University of Mississippi Medical Center, Jackson, MS). Cell lines were cultured as described (Sun et al. 2005) . His-tagged coilin constructs and GFP-coilin and Coilin-GFP constructs were previously described (Hebert and Matera 2000; Hearst et al. 2009; Toyota et al. 2010) . The recombinant proteins were induced and purified as described previously (Gilder et al. 2011 ).
RNAi and drug treatment
Coilin siRNA (N004645.12.4) (Toyota et al. 2010 ) and calpain subunit 4 siRNA (N001749.12.1) were obtained from Integrated DNA Technology (Coralville, IA, USA). The non-targeting, control siRNA was obtained from Thermo Scientific (LaFayette, CO, USA). The siRNA transfections were carried out using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Mitotic cells were obtained from shake off or nocodazole (0.4 μg/ml) treatment for 16 h. Drug treatments were as follows unless otherwise stated: actinomycin D (2.5 μg/ml) for 2 h, cisplatin (3 μg/ml) for 16 h, or etoposide (20 μM) for 16 h. The calpain 1 inhibitor, ALLN, was obtained from EMD Chemicals (Gibbstown, NJ, USA) and cells were treated at a final concentration of 10 μM ALLN or dimethyl sulfoxide (DMSO; vehicle) for 16 h.
Cell lysis and calpain assay
Cells were lysed using RIPA buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1 % NP-40, 0.25 % sodium deoxycholate, 0.1 % SDS, and 1 mM EDTA) supplemented with protease inhibitor cocktail tablets (Roche, Indianapolis, IN, USA) and the lysates were prepared as described before (Hearst et al. 2009 ). Calpain assays were carried out either with cell lysate or bacterially expressed proteins with addition of 0.05-1.0 U of calpain 1 (EMD Chemicals, Gibbstown, NJ, USA) and 1 mM CaCl 2 in each reaction. The mixture of cell lysate or bacterial expressed protein, CaCl 2 , and calpain was incubated at 30°C for 15 min. In addition to the reaction mixture, 0.5 mM ALLN or HeLa total RNA (300 ng) was added to each reaction wherever mentioned. After the incubation, the reactions were immediately stopped with addition of SDS sample loading buffer and boiled for 5 min at 95°C. The samples were then subjected to SDS-PAGE then either Coomassie stain or Western transfer.
Electroelution and dialysis of coilin GST-tagged coilin protein was purified as previously described (Broome and Hebert 2012) , with minor changes: prior to separation by SDS-PAGE, protein was incubated at 37°C for 30 min with DNase I and RNase A/T1 cocktail (Invitrogen, Carlsbad, CA, USA). The concentrated electroeluted coilin protein was incubated on ice for 30 min in a final concentration of 21 mM α-cyclodextrin, 259 mM NaCl, and 1.34 μM coilin. Following incubation, reaction was centrifuged for 5 m at 16,000×g, and the supernatant dialyzed against 1× PBS high-salt buffer containing 10 mM Na 2 HPO 4 , 1.8 mM NaH 2 PO 4 , and 250 mM NaCl. Dialysis was performed using a 10,000 MWCO Pierce Slide-A-Lyzer Dialysis Cassette from Thermo Scientific (LaFayette, CO, USA) following the manufacturer's suggested protocol. Dialyzed coilin was incubated with or without HeLa total RNA prior to incubation with calpain.
Cell lysate fractionation
HeLa cells were incubated for 16 h in a final concentration of 0.4 μg/mL nocodazole to achieve mitotic arrest. Nuclear isolation and cell fractionation was performed as previously described (Citterio et al. 2004; Remboutsika et al. 1999 ) on both nocodazole and control-treated cells, with modifications. Resulting pellets from nuclei isolation protocol were digested with 4 units DNaseI (Invitrogen, Carlsbad, CA, USA) per mL in buffer B (10 mM PIPES pH 6.8, 100 mM KCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA) for 45 min at 37°C followed by centrifugation at 1,500×g for 10 min at 4°C. Supernatant at this point corresponds to DNase fraction. The pellet was extracted with 250 mM ammonium sulfate in buffer B and centrifuged at 4,000×g for 5 min at 4°C, releasing the ammonium sulfate fraction. Next, the pellet was solubilized with 2 M NaCl in buffer B, followed by centrifugation at 350,000×g for 20 min. The final pellet was solubilized in 4× SDS sample loading buffer (200 mM Tris-HCl pH 6.8, 8 % SDS, 6 % DTT), sonicated, and boiled prior to loading onto SDS-PAGE gel. All other fractions were diluted to 1× in sample loading buffer (50 mM Tris-HCl pH 6.8, 2 % SDS, 1.5 % DTT) and boiled prior to loading onto SDS-PAGE gel.
Western blotting, immunofluorescence, and antibodies Western blotting, immunofluorescence, and image acquisition were performed as previously described (Sun et al. 2005) . The following antibodies were used: rabbit polyclonal anti-coilin H300 (1:500 Western, 1:200 IF) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal anti-coilin pδ (1:500) (Abcam, Cambridge, MA, USA), mouse monoclonal anti-β-tubulin (1:1000) (Sigma-Aldrich, St. Louis, MO, USA), mouse monoclonal anti-SMN (1:200) (BD Transduction Laboratories, San Jose, CA, USA), mouse monoclonal anti-fibrillarin (1:50), rabbit polyclonal anti-acetylated histone H3 (H3K14) (1:1,000) (Upstate, Lake placid, NY, USA), mouse monoclonal anti-GFP (1:500) (Roche, Mannheim, Germany), and mouse monoclonal anti-calpain small subunit (calpain 4) (1:1,000 western, 1:200 IF) (Millipore, Temecula, CA, USA).
Results

Identification of a cell cycle-regulated coilin fragment
To begin our investigation into the putative processed fragments detected with coilin antibodies, we examined the ratio of the cleaved signal to full-length coilin in interphase and mitotic lysates from both HeLa and U2OS cell lines (Fig. 1a) . A polyclonal antibody raised against the Cterminal 300 amino acids (aa 276-576) of human coilin was used to detect both full-length coilin as well as any lower molecular weight reactivities. This antibody (H300 from Santa Cruz) should therefore react with similar epitopes as found for R288, which was generated against a 14-kDa C-terminal coilin fragment and used initially to describe these lower molecular weight reactivities (Andrade et al. 1993 ). In both cell lines, a distinct signal can be detected from interphase lysates approximately 28 kDa in size. Relative to full-length coilin, the amount of this cleaved signal is reduced in both lines during mitosis. To demonstrate that this cleaved signal is derived from coilin and not from antibody cross reactivity to another protein, we knocked down coilin message with coilin siRNA for 24, 48, and 72 h and observed a decrease in both full-length coilin and the cleaved product when compared to control siRNA ( Fig. 1b and Supp. Fig. 1A ). The ratio of full-length coilin and the coilin cleaved product to tubulin in the presence of coilin siRNA was then analyzed and normalized to the ratios found with control siRNA (Supp. Fig. 1B ). These findings indicate that the coilin cleavage fragment has a longer halflife than full-length coilin. We also used a coilin monoclonal antibody (pδ; Almeida et al. 1998 ) and could detect the same size cleaved fragment with this antibody as found for the coilin polyclonal antibody H300 (Fig. 1c) . Epitope mapping has demonstrated that pδ reacts with epitopes located between aa 363-481 of coilin (Almeida et al. 1998) , so this region of coilin, or at least a part of it, must be present in the cleaved fragment detected by Western blotting.
In the work that first described lower mobility signals reactive to coilin antibodies, the solubility of coilin during the cell cycle was examined using 150 mM NaCl, 10 mM Tris-HCl, pH 7.2, and 0.5 % Nonidet P-40 to lyse cells and obtain soluble and pellet fractions (Andrade et al. 1993) . It was shown in this work that the majority of coilin was in the pellet fraction during G 1 and S phase but predominantly found in the soluble fraction during mitosis (Andrade et al. 1993) . Interestingly, the most prominent lower mobility band identified by Andrade et al., which corresponds to the size of the cleaved fragment we report here, is exclusively found in the soluble fraction, regardless of cell cycle (Andrade et al. 1993) . To extend these studies, we conducted sequential extraction of HeLa interphase nuclei and Fig. 1 Full-length coilin cleaved to 28-kDa fragment in cells. a Cleaved coilin fragment levels differ between interphase and mitotic lysates of HeLa and U2OS cells. HeLa and U2OS cells were untreated or treated with nocodazole to achieve mitotic arrest. Interphase and mitotic cell lysates were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin and anti-β-tubulin antibodies. b Coilin siRNA treatment reduces cleaved coilin fragment levels. HeLa cells were harvested 48 and 72 h post-transfection with control or coilin-targeted siRNA, lysates were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin and anti-β-tubulin antibodies. c Cleaved fragment recognized by both poly-and monoclonal coilin antibodies. U2OS lysates were subjected to SDS-PAGE and Western transfer. The blot was probed with anti-coilin H300 antibodies, followed by stripping and reprobing of the blot with anti-coilin pδ antibodies. d Cleaved coilin fragment solubility is different from full-length coilin. HeLa cells were untreated or nocodazole treated to achieve interphase (I) and mitotic cells (M). Cells were fractionated as described in methods, and equal volumes of each fraction (DNase I, ammonium sulfate (AS), high salt (HS) and final pellet) were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin antibodies (top panel) and anti-acetylated histone 3 (H3K14) antibodies (bottom panel) mitotic cells using progressively more stringent conditions in order to ascertain if full-length coilin possesses different solubility characteristics as compared to the cleaved fragment. Indeed, we found that the majority of the cleaved fragment is found in the ammonium sulfate fractions whereas the bulk of full-length coilin remains in the insoluble pellet (Fig. 1d) . Taken together, these data demonstrate that a putative cleaved fragment of coilin can be detected by different coilin antibodies, reduced by coilin siRNA and cell cycle regulated. These observations were similar in both cell lines, one of which (U2OS) has a functional p53 response to DNA damage (Liu et al. 2008) , while the other (HeLa) lacks this capability. We also show that the cleaved coilin fragment is more soluble than full-length coilin.
Coilin is an in vitro target of calpain 1 cleavage Recent work has demonstrated that SMN is subject to Ca 2+ -dependent calpain cleavage (Walker et al. 2008; Fuentes et al. 2010) . In contrast to proteases that act to fully degrade a substrate protein, calpains are calcium-dependent cysteine proteases that perform limited digestion of the target protein, thereby regulating the activity of that protein. Calpains are involved in many different cellular processes, and calpain 1 ( μ-calpain) has been shown to cleave SMN (Walker et al. 2008; Fuentes et al. 2010) . To determine if calpains also play a role in the generation of the coilin lower molecular weight fragment, we incubated bacterially expressed recombinant His-tagged coilin with calpain 1. As shown in Fig. 2a, a cleaved product approximately the same size as that observed in lysate is detected upon incubation of bacterially purified His-coilin with CaCl 2 and calpain 1. An additional coilin fragment (arrow) is also observed at around 50 kDa. Since this fragment is detectable in the reactions lacking calpain, it most likely represents a coilin degradation fragment isolated along with full-length coilin during protein isolation. We next examined the effect of adding a large amount of exogenous calpain 1 to lysate and observed that excess protease can completely degrade both coilin and the cleaved product (Fig. 2b, lane 3) . The addition of ALLN, an inhibitor of calpain 1 with secondary targets of calpain-II and other neutral cysteine proteases, completely abolished the processing activity of calpain 1 (lane 4). In order to map the region of coilin from which the cleaved product detected by anti-coilin antibodies is derived, we incubated bacterially purified His-tagged full-length coilin or fragments thereof with CaCl 2 in the presence or absence of calpain 1 (Fig. 3) . The cleaved product could be observed when full-length coilin or coilin 94-576 was incubated with calpain ( Fig. 3b , lane 2; Fig. 3c, lanes 2 and 3) . However, a similar-sized cleaved product was not detected when the coilin N-terminal 362 aa (N362), C-terminal 214 aa (C214), coilin 94-450, or coilin 94-475 fragments were exposed to calpain 1 (Fig. 3b , lanes 4 and 6; Fig. 3c , lanes 5, 6, 8, and 9). Thus these coilin fragments are not sufficient to liberate the cleaved product seen upon full-length coilin and coilin 94-576 processing by calpain 1. It should be noted that N362 is a better substrate for calpain relative to C214 when considering the extent of degradation compared to the respective no calpain control. It should also be noted that higher amounts of calpain lead to Fig. 2 Coilin is a substrate for calpain 1. a Calpain digests bacterial expressed His-T7-tagged coilin. His-coilin was incubated alone, with 1 mM CaCl 2 or with both 1 mM CaCl 2 and calpain 1 (0.5 U) at 30°C for 15 min. Following incubation, reactions were subjected to SDS-PAGE, Western transfer, and blots probed with polyclonal H300 anticoilin antibodies. An arrow marks an additional coilin fragment of around 50 kDa. b Calpain digests endogenous coilin. U2OS cell lysates were incubated alone or with a combination of 1 mM CaCl 2 , calpain (1 U), and the calpain inhibitor ALLN (0.5 mM) at 30°C for 15 min. Following incubation, reactions were subjected to SDS-PAGE, Western transfer, and blots probed with polyclonal anti-coilin H300 antibodies increased amounts of degradation products that are smaller than the 28-kDa cleaved product. Also, at these higher amounts of calpain, the level of the 28-kDa cleaved fragment is reduced compared to reactions with less calpain, presumably because the 28-kDa fragment itself is subject to calpain (in Fig. 3c , compare the intensity of the 28-kDa cleaved fragment and smaller fragments in lane 2 to that in lane 3).
The region of coilin detected by the coilin monoclonal antibody pδ and the location of the aa 276-576 fragment used to generate the coilin H300 polyclonal antibody are shown in Fig. 3a . Since these antibodies react with the Cterminal half of coilin, it is possible that the cleaved product generated by calpain is the result of processing events in this region of the protein (from aa 276-576). In order to provide additional evidence that the cleaved fragment arises from an internal region of coilin, we utilized GFP-coilin and coilin-GFP expressed in HeLa cells. Following a 24-h transfection, the cells were harvested and lysates subjected to calpain digestion, SDS-PAGE, Western transfer, and probed with anti-GFP and anti-coilin antibodies. As shown in Supp. Fig. 2 , the 28-kDa coilin fragment is present in the blot probed with anti-coilin but is not visible with anti-GFP. These results further suggest that the cleaved coilin fragment is processed from internal sites of full-length coilin and does not contain the extreme N-or C-terminus. The preferential detection of coilin-GFP compared to GFP-coilin Fig. 3 Mapping of coilin digestion by calpain. a Schematic representation of full-length coilin (WT) and Nterminal (N362) and C-terminal (C214) coilin fragments. The location of the epitopes to which the anti-coilin antibodies H300 and pδ react is shown. b Full-length coilin, but not N362 or C214, releases cleaved coilin fragment. His-tagged WT, N362, and C214 were incubated with or without calpain in presence of 1 mM CaCl 2 at 30°C for 15 min. The reactions were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin H300 antibodies. Asterisk indicates the cleaved coilin fragment. c Coilin 94-576 releases the 28-kDa cleaved coilin fragment. His-tagged coilin constructs containing amino acids 94-576, 94-450, or 94-475 were incubated with 0.5 or 1 U calpain in presence of 1 mM CaCl 2 at 30°C for 15 min. Reactions were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin pδ antibodies by GFP antibodies may indicate differing GFP epitope accessibility on the membrane. Reprobing of the same blot with anti-coilin antibodies clearly shows that GFP-coilin and coilin-GFP are equally present in the lysate. Online calpain cleavage site predictors, such as the Calpain for Modulatory Proteolysis Database, indicate multiple locations within coilin susceptible to calpain cleavage. The highest scoring of these is centered around aa 136. Consequently, it possible that calpain cleaves in this location and in the C-terminus between residues 475 and 576 in order to generate the 28-kDa cleaved product detected here.
In vitro RNA addition aids calpain cleavage of coilin We have found that recombinant coilin isolated from bacteria co-purifies with nucleic acids (Broome and Hebert 2012) , and therefore hypothesized that the presence of RNA might influence the cleavage of coilin by calpain. To investigate if RNA impacts the ability of calpain to cleave coilin, bacterially expressed coilin was purified in the absence of nucleic acids by treatment with DNase I and RNase A/T1 before isolation by SDS-PAGE, electroelution, and dialysis (see "Materials and methods"). After purifying nucleic acid-free coilin, incubations were set up with CaCl 2 , increasing concentrations of calpain (0.05 or 0.2 U) and exogenous RNA (Fig. 4a) . The amount of full-length coilin is most reduced in the reactions containing exogenous RNA, evident by comparison of lanes 2 and 4 to lanes 3 and 5 of a Coomassie-stained SDSpolyacrylamide gel (Fig. 4a) . Since the coilin degradation fragments are not easily observed upon Coomassie staining, a portion of the same reactions shown in Fig. 4a were also subjected to Western transfer after SDS-PAGE and probed with both polyclonal and monoclonal coilin antibodies (Fig. 4b) . In addition to the 28-kDa cleaved coilin fragment, additional coilin fragments are released upon calpain digestion (Fig. 4b) . These fragments (labeled a, b, and c) are differentially detected by both coilin antibodies, and the smallest of these fragments (c) is at its most abundant with 0.2 U calpain and RNA. As observed previously in Fig. 3c , higher levels of calpain generate reductions in the amount of the 28-kDa cleaved fragment and corresponding increases in the amount of small degradation products, such as those marked by (c) in Fig. 4b . These results indicate that coilin may be sequentially degraded and the 28-kDa cleaved product may be more stable than the other degradation fragments, and hence is detectable in lysate. These results also indicate that RNA renders coilin more susceptible to calpain cleavage in vitro.
Cellular stress influences the level of the coilin cleavage product
Previous work has shown that coilin localization changes in response to cell stress, such as that induced by treatment with the transcription inhibitor actinomycin D (ActD) (Carmo-Fonseca et al. 1992) or the anticancer agents cisplatin and etoposide (Gilder et al. 2011) . Specifically, the amount of coilin signal around and within the nucleolus increases upon exposure to these compounds. To examine if this change in coilin localization correlates with alterations in the amount of the coilin cleaved product, we treated both HeLa and U2OS cells with these three compounds and monitored the level of the cleaved product. As shown in Fig. 5 , compared to the untreated ratio, the relative amount of the cleaved product to full-length coilin in HeLa cells is increased upon ActD treatment but decreased when exposed to cisplatin or etoposide (Fig. 5a, b) . Cisplatin-and etoposide-mediated reductions in the level of the cleaved product to full-length coilin were also observed in U2OS cells (Fig. 5c, d ). However, in contrast to HeLa, the relative amount of cleaved product did not increase in ActD-treated U2OS cells. We have observed that U2OS cells have a greater percentage of variability in regard to coilin localization compared to HeLa cells. Whereas the majority of HeLa cells contain coilin in typically four to six CBs and lack cells with nucleolar coilin signal, U2OS cells contain a more broad distribution of coilin in which approximately 25 % of cells lack CBs or contain nucleolar coilin. It is possible that this wide range of coilin signal is indicative of the overall level of the cleaved fragment considering that the relative amount of the cleaved product is three times greater in U2OS compared to HeLa cells (Fig. 5e ). It should be pointed out that the conditions used to generate the lysate in these and the previous experiments (RIPA + sonication) are expected to fully extract both full-length coilin and the cleaved fragment, and indeed, centrifugation of the lysate after sonication for 10 min at 16,000×g does not result in a detectable pellet. Therefore, observed alterations in the level of the cleaved fragment are not likely caused by differential extraction.
The calpain inhibitor ALLN increases CB number in U2OS and WI-38 cells
We have found that coilin is a target for calpain 1, and the level of the cleaved product relative to full-length coilin is cell cycle regulated and can vary upon specific treatments. Additionally, the relative amount of the cleaved product is greater in U2OS cells, which have a more broadly distributed coilin localization compared to HeLa, in which the majority of cells contain coilin in CBs. These findings led us to test if calpain inhibition influences CB number and coilin localization. For these studies, we utilized the U2OS line as well as the primary fibroblast WI-38 cell line, which contain CBs only in a small percentage of cells. Cells were exposed to DMSO (vehicle) or ALLN, followed by immunofluorescence using coilin and SMN antibodies (Fig. 6) . In both cell lines, the percentage of cells with CBs or coilin foci (which lack SMN colocalization) increased after ALLN treatment (Fig. 6a, b) . To test if this increase correlated with a change in the relative amount of the cleaved product, cells were unexposed or treated with DMSO or ALLN, followed by lysate generation and Western blotting for coilin and tubulin. As shown in Fig. 6c , the level of cleaved product did not appear to decrease appreciably in the U2OS cell line upon ALLN exposure, but a visible decrease was seen in ALLN-treated WI-38 cells. Cisplatin treatment was also shown to reduce the level of the 28-kDa cleavage fragment in WI-38 cells (Fig. 6c, Supp. Fig. 3A and  B) . In contrast, SMN, a known substrate for calpains that accumulates in the CB (Walker et al. 2008) , does not show any obvious changes in levels upon ALLN treatment (Supp. Fig. 3C ).
Calpain 4 reduction rescues coilin from cisplatin-induced nucleolar localization
Since we observed that the calpain inhibitor ALLN induces coilin foci in U2OS and WI-38 cells (Fig. 6) , we tested more directly the impact of calpain reduction on coilin localization by targeting the calpain common small subunit calpain 4 with siRNA. As stated above, unlike HeLa, U2OS cells have a substantial percent of cells displaying nucleolar coilin localization. Upon reduction of calpain 4 by RNAi, the percent of cells with nucleolar coilin signal was reduced compared to control siRNA treatment (Fig. 7, upper panels) . As we reported previously, cisplatin treatment induces nucleolar localization of coilin in various cell lines (Gilder et al. 2011) . To monitor if the reduction of calpain activity would have any bearing on coilin localization in the presence of cisplatin, U2OS cells were transfected with control or calpain 4 siRNA, followed by treatment with cisplatin (Fig. 7 , lower panels). The nucleolar localization of coilin in the presence of cisplatin was blunted upon calpain 4 reduction, suggesting that the processing of coilin by calpain regulates coilin localization in response to cisplatin (Supp. Fig. 4A ). A similar result was observed in HeLa cells (Fig. 8 and Supp. Fig. 4B ). The efficient knockdown of calpain 4 in cisplatin-treated-or cisplatinuntreated U2OS and HeLa cell lines is shown in Fig. 9 . 
Discussion
The data provided here demonstrate that a lower mobility signal first detected by coilin antibodies in 1993 (Andrade et al. 1993 ) may be the result of specific processing of coilin by calpain. The amount of this cleaved coilin fragment, which is more soluble than full-length coilin, changes during the cell cycle and upon exposure to ActD, cisplatin, and etoposide. The functional consequence of this cleaved fragment, and the mechanisms by which its levels are regulated, is unknown. Given the difference in solubility between coilin and its cleaved fragment, it is possible that this fragment has activities distinct from coilin. Unfortunately, the role of coilin is poorly understood and most well characterized in the context of its essential role in the formation and composition of CBs. Hence, without a clear understanding of the role of coilin, it is difficult to postulate about the function of the cleaved fragment. Our recent work (Broome and Hebert 2012) demonstrates that coilin has RNase and nucleic acid binding activities. Consequently, it is possible, though far from proven, that coilin may participate more directly in RNP biogenesis than previously believed. Studies into the regulation of these coilin functions by calpain-mediated targeted proteolysis should be very informative.
Regarding the function of the cleavage product, insight into what this fragment may be doing is gained when considering that the antibodies that detect it recognize the Cterminus of coilin, which contains an atypical tudor-like The treated and untreated cell lysates were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin antibodies. The ratio of cleaved coilin fragment to full-length coilin was quantified by densitometric analysis (average of three independent experiments (n03), error bars represent mean±SD). e Typical ratio of cleaved coilin fragment to fulllength coilin in untreated HeLa and U2OS cells. HeLa and U2OS cell lysates were subjected to SDS-PAGE, Western transfer, and blots probed with anti-coilin H300 antibodies. The ratio of cleaved coilin fragment to full-length coilin was quantified with densitometric analysis. Each ratio represents the average of three independent experiments (n03) domain (Shanbhag et al. 2010 ) and interacts with SMN and Sm proteins (Hebert et al. 2001; Xu et al. 2005; Toyota et al. 2010) . Thus, the coilin cleaved product may compete with full-length coilin for SMN and Sm protein binding and therefore impact the dynamics of protein traffic through the CB. Alternatively, the cleaved product may impact the function of nucleoplasmic coilin, which is presently not known, or influence full-length coilin RNase and nucleic binding activities. The finding that the level of this fragment decreases relative to full-length coilin during mitosis (Fig. 1a) suggests that it possess anti-mitotic properties or its presence is in some way detrimental during this phase of the cell cycle. Similarly, reduced levels of the coilin cleaved fragment upon exposure to cisplatin and etoposide (Fig. 5) hint that this fragment plays an unknown role in the response to DNA damage. Current and future studies will seek to clearly delineate the region of coilin present in the cleaved fragment and identify the signals that result in its generation. Studies are also being conducted to determine the turnover rate of this product. Previous work has shown that full-length coilin is stable up to 5 h after exposure to the translation inhibitor cycloheximide (Barcaroli et al. 2006) , and its levels do not vary during the cell cycle (Andrade et al. 1993 ). Since we know from the data presented here that the cleaved fragment is reduced during mitosis, it is possible that it is turned over more quickly than full-length coilin.
Another major component of the CB, SMN, has also been shown to be subject to specific processing events by calpain (Walker et al. 2008; Fuentes et al. 2010) . In addition to its nuclear accumulations, SMN also localizes to the cytoplasm, and it is this fraction that is subject to calpain cleavage (Fuentes et al. 2010 ). Since SMN is phosphorylated in the cytoplasm and dephosphorylated in the nucleus (Grimmler et al. 2005; Petri et al. 2007) , it is possible that this modification influences calpain cleavage. Coilin is also a phosphoprotein, and this phosphorylation increases during mitosis (Carmo-Fonseca et al. 1993) . Hence it is possible that, like SMN, calpain cleavage of coilin is regulated by phosphorylation and additional studies are currently underway to address this possibility. Since we have shown here that RNA can impact the digestion of coilin by calpain (Fig. 4) , future work will also explore the interplay between coilin nucleic acid binding and phosphorylation in regulating coilin processing events by calpain.
The antibodies we use here detect the cleavage fragment map to the C-terminal region of coilin; thus, it possible that an N-terminal fragment is also present but not detected by the antibodies used in this study. Unfortunately, antibodies raised to the N-terminus of coilin do not work well and this precludes us from the identification of any putative Nterminal fragments. Using bacterially expressed coilin proteins, we found that both full-length coilin and coilin 94-576, but not fragments 1-362 or 362-576 (N362 and C214), release the 28-kDa cleaved coilin fragment upon incubation with calpain (Fig. 3) . Additionally, cleaved coilin was not released from fragments 94-450 or 94-475. Taken together, these results suggest that two cleavage sites, located in the N-terminus after residue 94 and in the C-terminus perhaps between residues 475 and 576, result in generation of the cleaved coilin fragment. It has been shown that the Cterminus of coilin influences CB number in that fusion of GFP to the C-terminus of coilin generates numerous CBs (Hebert and Matera 2000; Shpargel et al. 2003) . One possibility for this result is that GFP fusion to the C-terminus of coilin disrupts coilin structure such that calpain cleavage is reduced. Although the majority of coilin is predicted to be intrinsically disordered, some structure is predicted in its Nand C-terminus (Broome and Hebert 2012) . Interestingly, two hallmarks of intrinsically disordered proteins are their susceptibility to protein degradation and aberrant mobility on SDS-PAGE (Receveur-Brechot et al. 2006) . With a mobility on SDS-PAGE closer to 80 kDa than the expected 62 kDa, and the presence of lower molecular weight fragments, coilin has both of these hallmarks.
We have previously shown that bacterially expressed coilin remains bound to RNA throughout a stringent purification protocol (Broome and Hebert 2012) , suggesting a high affinity between the two molecules. Considering our observation that RNA appears to increase the activity of calpain on coilin (Fig. 4) , we hypothesize that in the presence of RNA, coilin may undergo specific protein folding that leads to additional sites for proteolysis. The hypothesis is supported by the fact that calpains are not amino acid or sequence specific, but they hydrolyze bonds between protein domains in a limited manner to modulate the protein properties Sorimachi et al. 1994 ).
Since we found the levels of the cleaved coilin fragment change during the cell cycle (Fig. 1) , and it has been previously reported that localization of coilin changes when cells are exposed to exogenous stressors (Gilder et al. 2011; Cioce et al. 2006) , we hypothesized that there may be a dynamic flux between levels of full-length-and cleaved coilin which can be influenced by cell stressors. In fact, we found that ActD treatment differentially affects relative cleaved coilin levels in HeLa and U2OS cells, while cisplatin and etoposide cause a reduction in relative cleaved coilin levels in both cell lines. Due to this correlation between the known localization changes of coilin induced by cell stress and the changes in relative cleaved coilin levels we observed with the same stressors, we next wanted to explore how calpain inhibition would affect coilin localization. First, we found that U2OS cells contain a relatively higher amount of cleaved product compared to that found in HeLa cells (Fig. 5e) . Second, we noted that the U2OS cells contain a larger percent of cells that lack CBs or have nucleolar accumulation of coilin compared to HeLa. We therefore suspected that reduction of the cleaved fragment would increase the percent of cells with CBs in U2OS. We also tested the primary line WI-38, which normally has a low percentage of cells with CBs. As predicted, ALLN treatment induced CB number in both cell lines (Fig. 6a, b) . The relative amount of cleaved fragment did not change in U2OS cells, but the cleaved fragment levels were reduced in WI-38 cells upon ALLN treatment (Fig. 6c) . Previous work has shown that ALLN inhibits cell cycle progression (Sherwood et al. 1993) . It is possible, therefore, that the induction of CBs by ALLN is not due to alterations in the amount of coilin processing but rather is reflective of a more general response to alterations in the cell cycle. CBs disassemble during mitosis and reform early-to mid-G 1 , reaching their largest size in S and G 2 (Andrade et al. 1993) . Hence it is possible that cell cycle arrest in response to ALLN treatment allows for more visible CBs, and the level of the cleaved coilin fragment is unrelated to their detection.
Finally, we wanted to explore what effect the lack of calpain activity would have on localization of coilin specifically under stressed cellular conditions. Since the calpain inhibitor ALLN treatment induces coilin foci, we speculated that calpain might have a regulatory role in coilin localization. As we reported previously, cisplatin treatment or γ-irradiation induces nucleolar localization of coilin which suppresses RNA polymerase I activity (Gilder et al. 2011) . We observe that calpain 4 KD reduces the cisplatin-induced nucleolar localization of coilin (Figs. 7 and 8 ). This suggests that either coilin cannot be processed to localize to the nucleolus in the calpain 4 KD background or the mechanisms that keep coilin in the nucleolus in the presence of cisplatin might be abolished. Further studies are required to elucidate the mechanistic role of the coilin cleavage fragment in conditions of stress, such as that induced by cisplatin treatment, and the role calpain plays in coilin localization. Fig. 9 Calpain 4 siRNA transfection effectively knocks down calpain small subunit levels. U2OS and HeLa cells were transfected with control or calpain 4-targeted siRNA for 48 h. Thirty-two hours posttransfection, the cells were treated with cisplatin (+) or left untreated (−). Cells were harvested 48-hr post-transfection, and lysates subjected to SDS-PAGE, Western transfer, and probed with anti-calpain small subunit (calpain 4, upper panel) and anti-β-tubulin antibodies (lower panel)
In conclusion, the results shown here demonstrate that coilin is subjected to regulated specific proteolysis by calpains. This is not a rare event considering that the cleaved fragment is easily detectable by coilin antibodies in cell lysate. In vitro, calpain 1 was shown to generate the same sized cleavage fragment as observed in cell lysate, suggesting that this protease is involved in coilin processing. How this processing impacts coilin function, with particular emphasis on its role in CB formation, composition, and activity, is unknown, but clarification of these events will provide another insight into the inner workings of the nucleus.
